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A bstrac t
In this work, the TMAO-reduction by Shewanella baltica, one o f the representative spoilage organisms in modified 
atmosphere packaged marine fish fillets, and the effect o f  acetate and C 0 2 on this reduction were studied in vitro. The 
growth o f  S. baltica and the corresponding evolution o f some compounds (acetate, lactate, pyruvate, glucose and 
trimethylamine (TMA)) were followed during storage at 4°C in two types o f  broths. The first medium was a defined medium 
(pH =  6.8) to which lactate or pyruvate was added as hydrogen donor. Pyruvate showed to be more efficient as H-donor for 
S. baltica than lactate, as growth was much faster when equimolar amounts o f pyruvate instead o f lactate were present. 
Although the growth o f S. baltica, when pyruvate is used as H-donor and no acetate is added, was not much inhibited by the 
C 0 2-atmosphere, C 0 2 had a pronounced effect on the studied reactions as it partly inhibited the reduction o f pyruvate to 
acetate. The effect of acetate on this reaction was, on the other hand, not significant.
To simulate the reactions occurring in situ, a buffered fish extract (pH =  6.8) was used. In spite o f the neutral pH, the 
growth o f S. baltica in this medium was highly inhibited by relatively small concentrations o f  acetate ( <  0.3%). When 0.1% 
o f  acetate was added to the fish extract, less acetate was formed and lactate was more slowly consumed in comparison to the 
experiments without the addition o f  acetate. The consumption o f lactate and the production o f acetate were almost 
completely inhibited when the fish extract contained 0.25% o f acetate. Apparently, the addition o f acetate inhibited the use 
o f  lactate as H-donor. After extended storage times (17 days at 4°C) TMA production started. M ost probably, alternative 
H-donors were used by S. baltica, from which the pathway seems to be less energy efficient. This can be deduced from the 
exceptional growth inhibition o f  S. baltica by small amounts o f acetate. However, when practical storage times for fish (e.g. 
6 days at 4°C after packaging) are considered, growth and TMAO-reduction by S. baltica was completely inhibited during 
this period by 0.25% of acetate. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
—   S po ilage  o f  fish  is m ain ly  due to m icrob ia l pro-
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55]0 F cesses. In m arine  fish , tr im ethy lam ine  (T M A ) is the
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(F. D cv lieghere). o d ou r (D ain ty , 1996). W hen  oxygen  levels are  de-
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p le ted , T M A O  serves as a te rm inal e lec tron  accep to r 
fo r anaerob ic  resp iration  and is red u ced  to  T M A  
(E aste r e t al., 1983). T M A O -resp ira tion  is o f  im por­
tan ce  to  b ac te ria l g row th  during  sp o ilage  o f  m arine  
fish , bu t few  details are know n abou t su b s tra te  p re f­
e ren ces , ca tabo lic  p rocesses and  energy  conserva tion  
du rin g  T M A O -dependen t anaerob ic  g row th  o f  spe­
c ific  spo ilage  organism s. C arbon  so u rces u tilized  by 
S h ew a n e lla  species g row n on  L B -b ro th  o r a  m in im al 
sa lts  m ed iu m  a t 2 0 -3 0 °C  include  g lucose , lactate , 
py ruva te , p rop ionate , ethanol, ace ta te , fo rm ate  and  a 
n u m b er o f  carboxy lic  and am ino acids (S co tt and 
N ea lso n , 1994). L actate  has been su g g es ted  to  be  the 
na tu ra l H -d o n o r fo r T M A O -reduction  d u ring  fish 
sp o ilag e  b ecau se  its concen tration  is h igh  (ab o u t 25 
m M ) in  fish  m uscle , and it d isappears as T M A O  is 
red u ced  (S trO m  and L arsen, 1979, S trO m  e t ah, 
1979). T he reduc tion  o f  T M A O  in th e  p resen ce  o f  
lac ta te  by  Shew anella  species w as sum m arized  as 
fo llow s (R u ite r, 1971):
C H 3C H O H C O O H  +  (C H 3) 3N 0
- > C H 3C O C O O H  +  (C H 3) 3N  +  H 20  (1 )
T h e  py ru v a te  is ox id ized  acco rd ing  to:
C H 3C O C O O H  +  (C H 3) 3N O
- > C H 3C 0 0 H  +  (C H 3) 3N  +  C 0 2 (2 )
T h e  overa ll reac tio n  can be w ritten  as fo llow s: 
C H 3C H O H C O O H  +  2 (C H 3) 3N O
- * C H 3C 0 0 H  +  2 (C H 3) 3N  +  H 20  +  C 0 2 (3 )
S ince  ace ta te  has been p roposed  as an  end p roduct 
d u rin g  th e  T M A O -dependen t resp ira tio n  o f  specific  
sp o ilag e  bac te ria  such  as S h ew a n ella  species (R u iter, 
1971; R ingO  e t ah , 1984), see V enkatesw aran  e t al. 
(1999 ) fo r the taxonom y  o f  th e  g enus Shew anella , 
th e  add ition  o f  ace ta te  in th e  fish  tissue can  be 
ex p ec ted  to  inh ib it th e  T M A O -reduc tion  by bacte ria l 
tr im eth y lam in e  ox ide  reductases. N e x t to  an in h ib i­
tion  o f  H 2S -p roduc ing  bacteria , B oskou  and  D ebe- 
vere  (20 0 0 ) no ticed  that the p roduc tion  o f  total
vo la tile  bases and T M A  w as, indeed , inh ib ited  by  a 
trea tm en t w ith  an a c e t ic  a c id /N a -a c e ta te  b u ffe r (10%  
(v /v ) -s p ra y  pH  5 .6  o f  fresh  cod  fille ts ( G adus 
m orhua ) sto red  a t 7 °C , under m od ified  atm osphere . 
T h e  trea tm en t re s u lte d  in a pH -d rop  from  6.63 to 
6 .29  and a  to tal v o la tile  ac id ity  in the trea ted  cod 
fille ts  o f  260 m g a c e t ic  a c i d / 100 g). H ow ever, the 
sh e lf  life ex tend ing  e ffec t on  fish  o f  the app lied  
acetic a c id /a c e ta te  b u ffe r  so lu tion  cou ld , n ex t to  its 
p roduc t inh ib ito ry  e ffe c t on  the T M A O -reduction  
reac tion , possib ly  a ls o  be exp la in ed  by  the know n 
an ti-m icrob ial e ffec t o f  acetate b y  ac id ifica tion  o f  the 
cy top lasm a, causing  p ro te in  déna tu ra tion  and energy 
loss due to  the ac tiv a tio n  o f  A T P -dependen t p ro ton  
pum ps located  in  th e  ce ll m em brane  (M arshall e t ah, 
2000). T herefo re , th e  a im  o f  th is w ork  w as to  study  
in  v itro  the b io ch em ica l reac tio n s invo lv ing  the 
T M A O -reduction  b y  S h ew a n e lla  ba ltica  and  th e  in­
fluence  o f  ace tate  a n d  C 0 2 on th is reaction . In  a 
defined  m edium , th e  e ffec t o f  C 0 2 and  acetate  on 
reac tions (2) and  (3 )  w ere inves tiga ted  separately . 
T he second  part o f  th e  experim en t w as p e rfo rm ed  in 
a fish  ex trac t to  b e tte r  sim ula te  the  natu ral env iron ­
m en t o f  the m icroo rgan ism .
2. M aterials and m ethods
2.1. S tra in
T he app lied  stra in  w as iso la ted  from  re frigera ted  
( r = 4 ° C )  m od ified  a tm osphere  packaged  (60%  
C O 2- 3 0 %  O 2-1 0 %  M 2) cod fille ts a t the end  o f  the 
s h e lf  life  and w as p rev io u sly  ca lled  S h ew anella -like  
(B o sk o u  and D ebevere , 1997). L ater, the stra in  w as 
id en tif ied  by  L M G  as S. ba ltica  u sing  th e  fo llow ing  
refe rence  strains: S. ba ltica  N C T C  107351 (Z iem ke 
et al., 1998) and S. b a ltica  L M G  2 2 5 0 T. T he stra in  
w as chosen  as it w as rep resen ta tive  fo r th e  spoilage 
flo ra  o f  m od ified  a tm osphere  p ack ag ed  fresh  m arine  
fish  s to red  at 4°C (B oskou  and  D ebevere , 1997). The 
stra in  w as s to red  on M arin e  A g ar (37 .4  g /1  M arine 
B ro th  2216 , D IFC O  0791-17  and 15 g /1  A g ar no. 1, 
O X O ID  L I I )  slants a t 6°C w h ich  w ere renew ed  
ev ery  m onth.
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2.2. E xp er im en ta l se t-up
T h e  g ro w th  o f  S. ba ltica  and  the co rrespond ing  
evo lu tion  o f  ace ta te , lactate , py ruvate , g lucose  and 
tr im e th y lam in e  (T M A ) w as fo llow ed  during  sto rage 
a t 4°C  in  tw o  types o f  inocu la ted  broths.
T h e  firs t m ed ium  w as a defined  m ed ium  b ased  on 
th a t d esc rib ed  by  E aste r e t al. (1983) and  G raham  
and  W ard  (1988). It con ta ined  5 g /1  b ac te rio lo ­
g ical p e p to n e  (O X O ID , L 34), 2.5 g /1  D -(  +  ) -  
g lu co se  (S IG M A ), 7 .2  g /1  T M A O  2 H 20  (S IG M A ), 
2 0  g /1  N aC l (V E L ), 1 g /1  K 2H P 0 4 (S IG M A ), 1 
g /1  M g S 0 4 • 7 H 20  (S IG M A ) and 1 g /1  N H 4C1 
(S IG M A ). T o  th is m ed ium , 60 m M  o f  lactate 
(S IG M A ) o r 65 m M  py ru v a te  (S IG M A ) w as added  
as h y d ro g en  donor. F o r  each  h yd rogen  donor, ex p eri­
m en ts w ere  p e rfo rm ed  w ith  th ree  d ifferen t concen tra ­
tions ( v / v )  o f  ace ta te  (0% , 0 .5%  and 1.0% ) and  in 
tw o gas a tm ospheres  (100%  o f  N 2 or 50%  o f  N 2 and 
50%  o f  C 0 2). 50%  o f  C 0 2, com b ined  w ith  a 
h ead sp ace  o f  1 / 1 ,  re su lted  in  253 m g /1  and  263 
m g /1  d isso lv ed  C 0 2 in the defined  m ed ium  w hen  
lac ta te  o r py ru v a te  w ere, respec tive ly , u sed  as H- 
donor. A fte r th e  add ition  o f  th e  appropriate  am oun t 
o f  ace ta te , th e  pH  w as  ad justed  to  6.8 by m eans o f  
10 N  N aO H  so lu tion  (V E L ).
T o  sim u la te  the reac tions occurring  in situ , a  fish  
ex trac t w as u sed  as th e  second  liqu id  m edium . It w as 
p rep a red  as p rev io u sly  described  by  B oskou  and 
D eb ev ere  (1997). T h e  T M A O -con ten t w as, a fte r de­
te rm in a tio n  o f  th e  in itial con ten t, ad justed  to a level 
o f  80 m g  T M A O -N /1 0 0  m l by  the add ition  o f  
T M A O  • 2 H 20  (S IG M A ). A dd itionally , 7 g /1  
K H 2P 0 4 (S IG M A ) and  7 g /1  K 2H P 0 4 (S IG M A ) 
w ere  ad d ed  to  b u ffe r the m ed ium  (D algaard , 1995). 
T o  estim ate  th e  e ffec t o f  ace ta te  on the grow th  o f  S. 
ba ltica  and  its p ro d u c tio n /c o n su m p tio n  o f  the 
ab o v em en tio n ed  chem ica l com pounds, experim ents 
w ere  p e rfo rm ed  w ith  0% , 0.1% , 0 .25%  and 0 .5%  o f  
added  ace ta te  (S IG M A ). A fte r the addition  o f  the 
ap p ro p ria te  am oun t o f  ace ta te , th e  pH  o f  the m ed ium  
w as also  ad ju sted  to  6.8 by m eans o f  10 N  N aO H  
so lu tion  (V E L ).
E x p erim en ts  w ere  p e rfo rm ed  in 600-m l ja r s  p ro ­
v id ed  w ith  a  Teflon®  va lve  and  a central open ing  
w h ich  w as  c lo sed  w ith  a s ilicone  septum  (D e- 
v lieg h ere  et al. 1998). T he g lass ja r s  w ere filled  w ith  
300 m l o f  liq u id  m ed iu m  (resu lting  in a g a s /p ro d u c t
v o lu m e ratio  o f  1) a n d  au toclaved  a t 121°C fo r 15 
m in . T he pH  w as a d ju s te d  to  6.8 a fte r au toclav ing  
w ith  filte r sterilised  2  N  N aO H  or 2 N  HC1.
2.3. Inocu la tion  p ro c e d u r e  a n d  sam p ling
T he S. ba ltica  s t ra in  w as subcu ltu red  in M arine 
bro th  2216  (D ifco ) fo r  48 h  a t 30°C. A  second  
su bcu ltu re  in M arine  b ro th  (D ifco ) (0.1 ml in  10 m l) 
w as incuba ted  for 16  h at 30°C. T he inocu lum  w as 
then  s to red  fo r 8 h a t  4°C  to  allow  the te s t stra in  to 
adap t to  the ch illing  tem pera tu re . A fte r the  adap ta­
tion  p eriod , th e  s te rilis ed  g lass ja rs , filled  w ith  p rev i­
ously  coo led  (4°C) liq u id  m ed ium , w ere inocu la ted  
w ith  S. ba ltica  to a  level o f  IO6 c f u /m l .  A fter 
inocu la tion , the ja rs  w e re  im m edia te ly  gas packaged  
(100%  o f  N 2 o r 5 0 %  o f  N 2 +  50%  o f  C 0 2) as 
d esc rib ed  by  D ev lieg h e re  e t al. (1998) and  sto red  at 
4°C. T o fo llow  the e v o lu tio n  o f  the chem ical and 
m icrob ia l param eters  in  the b ro th  d u ring  tim e, 4 -m l 
sam ples w ere  tak en  a t regu la r tim e in tervals by 
m eans o f  s te rile  d isp o sab le  10 -m l syringes.
2.4. M icro b ia l de term ina tion
T h e  evo lu tion  o f  the n um ber o f  S. baltica  
( c f u /m l )  w as fo llow ed  during  tim e in the bro th , by 
d ilu tin g  th e  sam p les, i f  necessary , w ith  Peptone 
P hysio log ica l Salt so lu tio n  (0 .1%  p ep tone , 0 .85%  
N aC l) and  p la ting  th em  in duplicate  on  M arine  A gar 
w ith  a  Sp iral P la ter (M o d e l D, Spiral S ystem s, CT, 
U S A ). T h e  p la tes w ere  aerob ica lly  incubated  fo r 2 
days a t 30°C.
2.5. C h em ica l de term ina tions
T rim ethy lam ine-N  (T M A -N ) co n ten t w as de te r­
m in ed  in  duplicate w ith  the spectropho tom etric  
m eth o d  (D yer, 1945) as m od ified  by  B oskou  and 
D ebevere  (2000).
T h e  p H  w as m easu red  in duplicate  w ith  an Ingold 
sharp  p o in t e lec trode and  a kn ick  pH -m eter.
C oncen tra tions o f  g lucose , acetate , py ruva te  and 
lac ta te  in  d iffe ren t m ed ia  w ere determ ined  by m eans 
o f  Ion  M o d era ted  P artion  H igh  P erfo rm ance  L iquid  
C h rom atog raphy  (F em an d ez-G arc ia  and M cG regor, 
1994). S am p les w ere p rev io u sly  heated  fo r 15 m in  at 
80°C and  cen trifuged  (E p p en d o rf C en trifuge  5415 C) 
fo r 10 m in  a t 10,000 rpm . T he superna tan t w as
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filte red  th ro u g h  a  0.22 jxm M illex  (M illipo re) filter 
befo re  in jection . T he H P L C  appara tus consisted  o f  a 
H PL C  pum p  (G IL S O N  307), a  p reco lum n (B iorad), 
a separa tion  co lum n (A m inex  PIPX -87H , B io-rad) 
w hich w as therm osta tica lly  regu la ted  a t 35°C, a R e­
fractive Index  detec to r (G IL S O N  132) and  an in te­
g ra to r (S h im ad zu  C -R 6A  chrom atopac). T he m obile 
phase w as filte red  (22 |xm ) and  d eaera ted  5 m M  
H 2S 0 4 a t a flow  rate  o f  0.5 m l /m in .  R etention  
tim es fo r acetate , g lucose, py ru v a te  and lactate  w ere, 
14.7, 8.7, 9.6 and 12.2 m in , respective ly . S tandard 
curves w ere  derived  fo r ev ery  com pound  that w as 
u sed  fo r th e  ca lcu la tion  o f  the effec tive  concen tra ­
tions. A ll analyses w ere p e rfo rm ed  in duplicate.
T o estim ate  the p re c is io n  on  th e  chem ical de ter­
m inations, a sam p le  w as  independen tly  ana ly sed  in 
dup lica te  six  tim es. T h e  standard  dev ia tion  o f  the 
chem ical d e te rm in a tio n s  am oun ted  to 1.8 %  fo r ac­
etate , 3 .0%  fo r p y ru v a te , 6 .7%  fo r lactate , 5 .9%  for 
g lucose  and  9 .6%  fo r  T M A .
3. Results and discussion
3.1. E xp erim en ts  in th e  d e fin ed  m edium
Fig. 1 illu s tra tes th e  e ffec t o f  C 0 2 and ace ta te  on 
the  grow th  o f  S. b a ltica  a t 4°C  in  defined  m edia
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Fig. I. Influence o f  ace ta te  concen tra tion  and  atm osphere ( ♦  100% o f  N 2 and  0%  ( v / v )  acetate, ■  100%  o f  N 2 and  0.5%  ( v / v )  acetate, 
▲ 100% o f  N 2 and  1% ( v / v )  ace ta te , X 50%  N 2 +  50%  o f  C 0 2 and 0%  ( v / v )  acetate, * 50%  N 2 +  50%  o f  C 0 2 and  0 .5%  ( v / v )  acetate, 
#  50%  N 2 +  50%  o f  C 0 2 and 1% ( v / v )  aceta te) on  the  grow th  o f  S. baltica  a t 4°C  in a  defined m edium  (pH  =  6 .8 ) w ith lactate (A ) or 
pyruvate  (B ) as H -donor.
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(pH  =  6 .8) con ta in ing  lactate  (Fig. 1(A )) o r py ruvate  
(F ig . 1(B )) as H -donor. P yruvate  ap p eared  to  be 
m o re  effic ien t as H -donor fo r S. ba ltica  th an  lactate, 
as g row th  w as m uch faster w hen  eq u im o lar am oun ts 
o f  py ru v a te  instead  o f  lac ta te  w ere  p resen t as H- 
donor. Possib ly , th is d ifference  in g ro w th  ra te  could  
a lso  be  explained  by the  an ti-m icrob ia l e ffec t o f  
lac ta te , w h ich  is, how ever, very  lim ited  a t th e  ex p eri­
m en ta l pH  o f  6 .8. W h en  lac ta te  w as p resen t as 
H -donor, a  gas concen tration  o f  50%  o f  C 0 2 o r the 
add ition  o f  ace ta te  (0 .5%  o r 1.0% ) co m ple te ly  inh ib ­
ited  th e  g row th  o f  S. ba ltica  fo r 25 days. T h is  w as 
n o t th e  case in  the m ed ium  co n ta in in g  pym vate . 
H o w ever, w hen  1 % o f  acetate w as p resen t, no  grow th  
w as d e tec ted  w ith in  33 days. T he g row th -inh ib iting  
e ffec t o f  ace tate  and  C 0 2 on  Shew a n ella  species w as
already p rev iously  d e sc r ib e d  by  B oskou  and  D ebe­
vere (2 0 0 0 ).
T he evo lu tion  o f  the  concen tra tion  o f  T M A -N , 
acetate, lac ta te , g lu c o s e  and py ruva te  a t experim ental 
conditions w here  g ro w th  o f  S. ba ltica  o ccu rred  is 
show n in Fig. 2. W h e n  no acetate  o r C 0 2 w as added, 
and w hen  lactate  w a s  added  as a H -d o n o r (Fig. 
2(A )), 1 m ole  o f  la c ta te  w as consum ed , resu lting  in 2 
m oles o f  T M A  and  0 .6 5  m o les  o f  acetate . R in g 0  et 
al. (1984) a lso  d e sc r ib e d  only  a partia l accum ulation  
(40 m ol% ) o f  ace ta te  w hen  lactate  w as u sed  by  S. 
p u tre fa c ien s  as su b s tra te . W h en  py ru v a te  w as added 
as H -dono r (Fig. 2 (B )) , the reaction  w as m ore  sym ­
m etric (1 m ole  o f  p y ru v a te  and T M A O  reacted, 
resu lting  in 1 m ole  o f  T M A  and aceta te). A t the 
sam e tim e, sm all am o u n ts  o f  lactate  w ere  accum u-
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Fig. 2. E volu tion  o f  the concen trations (m M ) o f  T M A -N  ( ♦ ) ,  ace ta te  ( ■ ) ,  lactate ( a ) ,  glucose  ( • )  an d  p ym va te  ( * )  in a defined  m edium  
a t 4°C  inocu lated  w ith S. ba ltica  in  100%  o f  N 2 and 0%  ( v / v )  ace ta te  and  lactate as H -donor (A ), 100%  o f  N 2 and 0%  ( v / v )  aceta te  and 
p y m v a te  as H -donor (B ), 50%  N 2 +  50%  C 0 2 and  0%  ( v / v )  ace ta te  and pym vate  as H -donor (C ), 100%  o f  N 2 and 0.5%  ( v / v )  aceta te  and 
py m v a te  as H -donor (D).
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Fig, 3. In fluence  o f  ace ta te  concentration  and  atm osphere  (❖  100%  o f  N 2, 0%  ( v / v )  aceta te  and la c ta te  as H -donor, H 100% o f  N 2, 0%  
( v / v )  aceta te , and  pyruvate  as H -donor, a  100%  o f  N 2, 0 ,5%  ( v / v )  aceta te  and pyruvate  as H -d o n o r, X 50%  N 2 +  50%  o f  C 0 2 , 0%  
( v / v )  ace ta te  and  pyruvate  as H -donor) on  the  pH  evo lu tion  a t 4°C  in a defined  m edium  (pH  =  6 .8 ) inocu la ted  w ith  S. baltica.
la ted  (9 m M ) p robab ly  because  o f  a  ferm en ta tive  
m e tab o lism  from  g lucose  (5 m M  o f consum ption). 
T h is  accu m u la tio n  also illu stra tes th a t py ruva te  w ill 
be  p re fe rred  o v e r lac ta te  as H -dono r by S. baltica .
A lth o u g h  the  g row th  o f  S. ba ltica , w ith  py ruva te  
as H -d o n o r and  no acetate  added , w as no t m uch  
in h ib ited  b y  the C 0 2 a tm osphere , C 0 2 had  a p ro ­
no u n ced  e ffec t on th e  stud ied  reactions (F ig. 2 (C )). 
C 0 2 p a rtly  in h ib ited  reaction  (2), as at the end  o f  the 
ex p erim en t, on ly  40  m M  o f  acetate  w as p ro d u ced  
(in stead  o f  58 m M , w hen  no C 0 2 w as added) an d  41 
m M  o f  p y ru v a te  w as consum ed. H ow ever, u n d er th is 
co n d itio n , H -donors o ther than  py ruvate  w ere ap p a r­
en tly  u sed , because  sim ila r am oun ts o f  T M A  w ere
p ro d u ced  (68 m M ) th a n  w hen  no  C 0 2 w as p resen t in 
th e  headspace. B ac te rio lo g ica l p ep to n e , a  source fo r 
easily  convertib le  am in o  acids, can indeed  also fu n c ­
tion  as H -dono r fo r th e  T M A O -reduc tion  reaction , as 
describ ed  b y  R ingO  e t al. (1984) fo r S. p u tre fa c ien s  
and  by  E aster e t al. (1982) fo r Shew anella  spp. 
A ce ta te  g reatly  d e lay e d  reaction  (2) as the s ta rt o f  
th e  T M A  production  w a s  postponed  from  day 3 to 
day 25 (Fig. 2(D )). H ow ever, a t the end o f  the 
reaction , sim ila r am o u n ts  o f  T M A  and  acetate  w ere 
p ro d u ced  as w hen  no  ace ta te  w as added  (F ig . 2(B )). 
F o r all tes ted  cond itions, the p H  sta rted  to  increase  at 
the m om en t T M A  p ro d u c tio n  w as n o ticed  w hile  at 
th e  end , the pH  d ecreased  (Fig. 3). T he pH  drop at
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F ig . 4. In fluence  o f  ace ta te  concentration  and  atm osphere ( ♦  100%  o f  N 2 and 0%  ( v / v )  aceta te , ■  100%  o f N 2 and  0 .1%  ( v / v )  acetate, 
a  100%  o f  N 2 an d  0 .25%  ( v / v )  aceta te , X a ir and 0%  ( v / v )  acetate, $  100%  o f  N 2 and  0 .5%  ( v /v )  acetate) on  the  g row th  o f  S. baltica  
a t 4°C  in a  bu ffered  fish  ex trac t (pH  =  6.8).
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th e  end  o f  th e  reaction  can  be  exp la ined  by  the 
s ig n ifican t lac ta te  p rod u c tio n  b y  S. ba ltica  a t the end 
o f  the experim ents.
3.2. E xp erim en ts  in f i s h  extract
Prev ious in v es tiga tions (K im  e t al., 1995; B oskou 
and  D ebevere , 2000) have  dem onstra ted  th a t dipping 
in an  acetate  so lu tion  re su lted  in an  ex tension  o f  the 
sh e lf  life  o f  re frig e ra ted  fish  fillets. T o investigate 
th e  e ffec t o f  an  ace ta te  trea tm en t on the T M A O -re­
duction  reaction  by  S. ba ltica  in  fish , experim ents 
w ere  p e rfo rm ed  in  a fish  ex tract. T he g row th  o f  S. 
ba ltica  in  100%  N 2 w as h igh ly  inh ib ited  by  re la ­
tive ly  sm all am oun ts o f  ace ta te  (Fig. 4). T h e  tim e to 
rea lize  a  tw o log  increase  a t 4°C  w as p ro lo n g ed  from  
3 to 8 days, and  16 days by  th e  add ition  o f  0 .1%  and 
0 .25% , resp ec tiv e ly , o f  acetate . A t concen tra tions o f
0 .5%  o f  aceta te , n o  grow th  w as observed  a t 4°C 
w ith in  29 days. A t a n eu tra l pH , w h ich  is th e  case in 
th is  study  (pH  =  6 .8 ) , the an ti-m icrob ial e ffec t o f  
ace ta te  (p K  =  4 .75) i s  no rm ally  very  low  due to the 
lo w  frac tion  o f  u n d isso c ia ted  m olecu les . A t pH  =  6.8 
th e  ratio  o f  u n d is so c ia ted  to to tal ac id  is 0 .0084 . It is 
th ere fo re  rem arkab le  th a t the g row th-inh ib iting  effect 
is th a t p ronounced  a t  such  low  concen tra tions o f  
acetate.
W hen  no  ace ta te  w as added , using  lactate  as 
H -donor, T M A O  w a s  reduced , resu lting  in  65 m ol%  
o f  ace ta te  ( 15 m M  o f  lac ta te  resu lted  in 10 m M  o f  
ace ta te  and  30 m M  o f  T M A ) (Fig. 5(A ) and  (B)). 
T hese  resu lts  are  in a g reem en t w ith  those  ob ta ined  in 
the d efin ed  m ed ium . N o  additional ace tate  w as p ro ­
du ced  a t the  m o m en t th a t all lactate w as consum ed. 
H o w ever, T M A  p ro d u c tio n  con tinued , suggesting  
th a t o ther H -donors, su ch  as sim ple am ino  acids like
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Fig. 5. E volution o f  the  concen tra tions (m M ) o f  T M A -N  ( 0 ), ace ta te  ( ■ ) ,  lac tate  ( a ) in  a buffered fish  extract a t 4°C  inoculated w ith S. 
baltica  in  100%  o f  N 2 an d  0%  ( v / v )  aceta te  (A ), air and 0%  ( v /v )  ace ta te  (B ), 100%  o f  N 2 and 0.1%  ( v / v )  aceta te  (C ) and 100% o f  N 2 
and 0.25%  ( v / v )  ace ta te  (D ).
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serine  and  cysteine, w h ich  are  com m on  ex tractives 
o f  fish , w ere  at tha t m om en t u sed  as H -dono rs  fo r 
fu rth er T M A O -reduction . A m ino  acids such  as serine 
and  cyste ine  are  com p lete ly  o x id ized  to C 0 2 w ithou t 
th e  fo rm ation  o f  ace tate  (R ingO  e t al., 1984). T his 
ex p la in s  th e  stop in acetate  fo rm ation  a t the m om ent 
th a t all lac ta te  is consum ed , w h ich  w as also repo rted  
fo r S. p u tre fa c ien s  N C M B  1735 in a defined  m edium  
b y  R ingO  e t al. (1984). H ow ever, at the m om en t tha t 
a ll lac ta te  w as consum ed, leve ls  o f  30  m M  T M A -N  
(co rrespond ing  w ith 42 m g  T H A -N /1 0 0  m l) w ere 
a lread y  produced , w h ich  is w ell o v e r th e  m ax im um  
lim it o f  15 m g  T M A - N /100 g in  m arin e  fish  sto red  
on  ice  (C onnell, 1975). T h erefo re , th e  T M A O -red u c­
tion  w ith  H -donors o ther th an  lac ta te  is p robab ly  
o n ly  o f  lim ited  im portance in  p rac tice . H ow ever, to 
study  th e  m echan ism  o f  T M A O -reduc tion  by  S. 
ba ltica , ex tended  experim en ts w ith  o ther H -donors 
(o r reaction -in term ed ia tes) such  as p y ru v a te , a re  n ec ­
essary .
W hen  0 .1%  o f  acetate  w as added  to the fish 
ex trac t (Fig. 5(C )), less ace ta te  w as fo rm ed  and 
lac ta te  w as  m ore slow ly  co n su m ed  in com parison  to 
th e  experim en ts w ithou t th e  add ition  o f  ace ta te . T he 
co nsum ption  o f  lactate and  the  p ro d u c tio n  o f  acetate 
w ere  a lm ost com plete ly  in h ib ited  w hen  the fish e x ­
trac t con ta ined  0 .25%  o f  ace ta te  (F ig. 5(D )). A p p ar­
en tly , th e  add ition  o f  ace ta te  inh ib ited  the u se  o f  
lac ta te  as H -donor, H ow ever, th e  add ition  o f  ace tate  
d id  n o t in fluence  the final con cen tra tio n s o f  T M A  
p ro d u ced  by S. baltica . P ro b ab ly , a lte rnative  H- 
do n o rs  w ere used  b y  S. ba ltica , b u t th is pa thw ay  
seem s to  be less energy  e ffic ien t, w h ich  can  be 
ded u ced  from  the excep tiona l g row th  inh ib ition  o f  
sm all am oun ts o f  acetate.
4. Conclusions
D ebevere  and B oskou  (1996 ) d em onstra ted  tha t 
th e  s h e lf  life  o f  m od ified  a tm o sp h ere  packaged  fish 
fille ts  c o u ld  be  p ro longed  b y  sp ray ing  fish fille ts 
w ith  a 10% acetic a c id /a c e ta te  so lu tion  (pH  =  5.6). 
S uch  a trea tm en t resu lted  in  an in c reased  concen tra ­
tion  o f  ace tic  a c id /a c e ta te  a t the  su rface  o f  the fish  
fille ts and  low ered  th e  su rface  pH  o f  the  fish  fillets. 
T he ac tua l pap er dem onstra ted , on  th e  other hand , in 
s itu  th a t even at neu tral pH  (6 .8)  low  acetate  co ncen ­
trations ( <  0 .3% ) c a u s e  a de lay  o f  the  T M A O -reduc­
tion  reaction  by  S. b a lt ic a  in w h ich  lactate  is u sed  as 
a  H -donor. W hen  p ra c t ic a l sto rage  tim es fo r fish 
(e.g. 6 days a t 4°C  a f t e r  packag ing ) are  considered, 
grow th and  T M A O -red u c tio n  by S. ba ltica  w as com ­
p le te ly  inh ib ited  d u r in g  this period  w hen  0 .25%  o f  
acetate w as p resen t in  the g row th  m edium . M ost 
p robably , in  the p re s e n c e  o f  ace ta te  H -donors other 
than  lac ta te  hav e  to  b e  draw n on by S’, baltica , 
resu lting  in  less e n e rg y  e ffic ien t p rocesses  and con ­
sequently , in  the in h ib itio n  o f  g row th . A lthough  C 0 2 
partly  in h ib ited  re a c tio n  (2), its con tribu tion  to the 
inh ib ition  o f  the re a c tio n  m echan ism  w as o f  m inor 
im portance. O n the c o n tra ry , as c o u ld  be  derived 
from  Fig. 1, th e  e ffe c t o f  C 0 2 on the g row th  o f  S. 
ba ltica  w as o f  m a jo r  im portance  w hen  lactate , the 
natural H -d o n o r fo r T M A O -red u c tio n  during  fish 
spo ilage, w as ava ilab le .
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